Abstract
Introduction
A wide range of human pathologies arises from the failure of a specific peptide or protein to adopt, or remain in, its native functional conformational state. These pathological conditions are generally referred to as protein misfolding diseases and include neurodegenerative disorders, systemic amyloidoses and cystic fibrosis [1, 2] . The largest group of protein misfolding diseases is associated with the conversion of specific peptides or proteins, following mutations, aging or other alterations of the chemical environment, from their soluble functional states into insoluble highly organized fibrillar aggregates, often called amyloid fibrils [1, 2] . There is increasing evidence that the oligomeric assemblies that precede the formation of amyloid fibrils, often kinetic intermediates in the process of amyloid fibril formation or off-pathway species, are the primary pathogenic species in many protein deposition diseases [3] [4] [5] [6] . The toxicity of these early oligomers appears to result from their intrinsic ability to impair fundamental cellular processes, for example by interacting with cellular membranes and disassembling the lipid bilayer [7] or by interacting with membrane receptors causing their dysfunction [8] . [9] [10] [11] . Among these proteins, the globular [12] [13] [14] [15] [16] [17] . The oligomers formed in the early stages of the aggregation process have the same morphological and tinctorial features as those formed by disease-related peptides and proteins [18, 19] . In particular, two types of spherical oligomers have been formed by HypF-N, following the incubation in distinct experimental conditions that have been designated condition A and condition B, respectively [18] . The resulting oligomers were found to be stable when transferred to physiological conditions, and apparently indistinguishable using atomic force microscopy and ThT binding. However, when studied using site-directed N- (1-pyrene) 
An increasing number of proteins with no link to protein deposition diseases has been found to form, under various conditions in vitro, fibrillar aggregates that show structural and tinctorial properties similar to those of the amyloid fibrils formed by disease-related proteins and peptides

N-terminal domain of the prokaryotic hydrogenase maturation factor from Escherichia coli (HypF-N) is a valuable model system for investigating the structural basis of the cellular dysfunction
maleimide labelling and ANS binding, these oligomers were found to have a different degree of structural flexibility and solvent-exposure of the hydrophobic groups. Such different structural properties resulted in different toxic properties of the oligomers, as revealed by the MTT and Hoechst staining tests, with the aggregates displaying a greater flexibility and higher solvent-exposure of the hydrophobic regions (type A oligomers) being more toxic than the others (type B oligomers).
The availability of morphologically indistinguishable protein oligomers differing in submicroscopic structural properties and in their biological properties provides a unique opportunity to study, in addition to the structural determinants of protein toxicity [18] [20] . 
HypF-N aggregate internalization
ROS production and lipid peroxidation
To detect intracellular ROS production, the cells were exposed for 5, 10, 30 and [18] . (Fig. 1B) . On the other hand, type B aggregates were found to interact with the plasma membrane without entering the cytoplasm even after prolonged incubation of the oligomers with the cells (Fig. 1A) -free medium ( Fig. 2A) . (Fig. 2D) .
Apoptotic and necrotic markers
Membrane lipid peroxidation in cultured SH-SY5Y cells was also evaluated after addition of type A and type B oligomers, using both flow cytometric and confocal microscopy analyses. The fluorescence intensity distributions detected in flow cytometry after treating the cells for 24 hrs with native HypF-N and type B oligomers were superimposable with that obtained with untreated cells (Fig. 2C). By contrast, the fluorescence intensity distribution determined with cells treated for 24 hrs with type A oligomers was shifted to higher values (Fig. 2C). This shift indicated an increase in membrane lipid peroxidation after prolonged exposure of the cultured cells to type A oligomers. Accordingly, the red fluorescence signal observed with
Fig. 2 (A) Representative confocal microscope images showing intracellular ROS levels in SH-SY5Y cells exposed for the indicated time lengths to oligomers formed under conditions A (upper panels) or B (middle panels). The figure also shows images obtained with untreated cells, cells exposed to the native protein, cells exposed to type A oligomers in a Ca
2ϩ -free medium or following a 24 hrs pre-incubation with vitamin E (lower panels). All images were acquired by simultaneously incubating cells with oligomers and CM-H2, DCFDA in the last 10 min. of exposure to the oligomers. (B) Kinetic plot showing the fluorescence associated with ROS versus time elapsed after oligomer addition to the cell medium. The fluorescence measured for untreated cells was subtracted from all values. A variable number of cells ranging from 15 to 25 were analysed for every time point in three different experiments. (C) Flow cytometric analyses of lipid peroxidation in SH-SY5Y untreated cells (red), cells treated for 24 hrs with native HypF-N (green), or with oligomers grown under conditions A (blue) or B (brown). After oligomer exposure single-cell suspensions were incubated with the fluorescent probe BODIPY 581/591 C11. (D) Representative confocal microscope images illustrating lipid peroxidation in untreated SH-SY5Y cells, cells exposed for 60 min. to native HypF-N or oligomers grown under conditions A or B, as assessed using BODIPY 581/591. confocal microscopy from cells exposed for 60 min to native HypF-N and type B oligomers did not differ significantly relative to untreated cells; a considerable shift to green fluorescence signal was indeed observed only in cells exposed to type A oligomers for 60 min, indicating an increase in membrane oxidative injury
Only cytotoxic HypF-N oligomers induce an influx of extracellular Ca
2؉ into the cytosol , respectively (Fig. 3A Fig. 3A and B Fig. 3A and B) . The pre-treatment of the cells with 100 M vitamin E also prevented the cytosolic Ca 2ϩ spike (Fig. 3A and B) . fluorescence was observed when the cells were exposed to HypF-N oligomers formed under condition A (Fig. 4A) (Fig. 5B) .
and B). In contrast, treating both cell lines with HypF-N oligomers formed under condition B did not cause any increase in intracellular Ca 2ϩ ions even after prolonged incubation with the cells.
Similarly, no increase in intracellular Ca 2ϩ ions was observed in SH-SY5Y and Hend cells exposed to native HypF-N (
Cytotoxic HypF-N oligomers disrupt plasma membrane integrity
We next loaded SH-SY5Y cells with the calcein-AM fluorescent probe. A time-dependent decrease in intracellular calcein-derived
Fig. 3 Representative confocal microscope images showing intracellular Ca 2ϩ levels in SH-SY5Y (A) and Hend (B) cells exposed for the indicated time lengths to oligomers formed under conditions A or B. The figure also shows images obtained with untreated cells, cells exposed to the native protein and cells exposed to type A oligomers in a Ca
On the other hand, negligible caspase-3 activation was detected when cells were treated for different lengths of time with HypF-N oligomers formed under condition B (Fig. 5A). A negligible caspase-3 activation was also detected when the cells were treated with native HypF-N (Fig. 5A). The early increase (3 hrs) in caspase-3 activity caused by the addition of type A oligomers was reduced when the cells were cultured in a Ca
2ϩ
-free medium, suggesting a primary role of extracellular Ca 2ϩ influx in the apoptotic pathway (Fig. 5A) . Cell pre-treatment with 100 M vitamin E also reduced caspase-3 activation (Fig. 5A ). In agreement with these results, the flow cytometric analysis showed a marked increase of fluorescence associated with caspase-3 activity in cells treated for 24 hrs with type A oligomers (Fig. 5C ). -N (Fig. 5D) . A significant, albeit weak, increase in LDH release was observed only in cells exposed to type A oligomers for 48 hrs, supporting the presence of a minor and late necrotic outcome in this case (Fig. 5D) . The comparison between caspase-3 and LDH data suggests that a necrotic outcome follows the apoptotic pathway and that necrosis occurs only in a small percentage of SH-SY5Y cells at the latest time point studied here. reproduced in an animal model, both types of aggregates were labelled with the fluorophore 5-FITC and then microinjected into the NBM of rat brains. Figure 6A shows (Fig. 6B) . No reduction of ChAT immunoreactivity was observed when the forebrain NBM was injected with native HypF-N (Fig. 6B) . However, the number of ChAT-positive neurons appeared to be significantly reduced after injection with HypF-N oligomers formed in condition A (Fig. 6B) . The ChAT-positive neurons were 39 Ϯ 3.1% of those counted in the NBM of the contralateral hemisphere injected with PBS (Fig. 6C) . By contrast, the number of ChAT-positive neurons appeared to be only slightly reduced after injection of the aggregates formed under condition B (87 Ϯ 3.7%), relative to the contralateral hemisphere injected with PBS ( Fig. 6B and C [13, 15, 35] . In this study, we have compared the effects of two different types of HypF-N oligomers, one of which is benign when added to cell cultures whereas the other one is toxic [18] . We have studied different biochemical modifications caused by the two types of 
We then investigated whether cells exposed to HypF-N oligomers also underwent necrotic cell death. The analysis was performed by measuring the release of LDH, a widely used necrotic marker, in the medium of cultured SH-SY5Y cells treated for 24 and 48 hrs with type A and type B oligomers. After 24 hrs treatment, cells exposed to type A and type B oligomers displayed an LDH release similar to that of untreated cells or cells treated with native HypF
Cytotoxic HypF-N oligomers affect ChAT immunoreactivity in rat brains
To assess whether the different abilities of type A and type B oligomers to cause dysfunction of cultured cells can be
Fig. 4 (A) Representative confocal microscope images showing SH-SY5Y cells pre-loaded with calcein-AM and then exposed for the indicated time lengths to oligomers formed under conditions A (upper panels) or B (middle panels). The figure also shows images obtained with untreated cells, cells exposed to the native protein and cells exposed to type A oligomers in a Ca
